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1  Introduction
7KLV�LV�DQ�DSSOLFDWLRQ�SDSHU�WKDW�LV�D�IROORZ�XS�WR�D�SUHYLRXV�06&�:RUOG�8VHU©V�&RQIHUHQFH�SDSHU�

7KDW�SDSHU�¦7KHUPRPHFKDQLFDO�)LQLWH�(OHPHQW�$QDO\VLV�RI�6WLIIHQHG��8QV\PPHWULF�&RPSRVLWH

3DQHOV�:LWK�7ZR�'LPHQVLRQDO�0RGHOV§��>�@��DORQJ�ZLWK�SDSHUV�>���@�ODLG�WKH�WKHRUHWLFDO�JURXQG�ZRUN

IRU�D�VRIWZDUH�SURJUDP�ZKLFK�LV�FRXSOHG�ZLWK� WKH�06&�1$675$1�)($��SDFNDJH��7KLV�SDSHU

GHVFULEHV�WKH�DSSOLFDWLRQ�RI�WKH�VRIWZDUH�DQG�WKHRU\�WR�WZR�GLYHUVH�LQGXVWULHV�

�$HURVSDFH�� 1HHGV� LQFOXGH� SRZHUIXO� DQG� DFFXUDWH� FDSDELOLWLHV� IRU� D� FRPSOH[

WKHUPRPHFKDQLFDO�HQYLURQPHQW

�7UDQVSRUWDWLRQ��1HHGV�LQFOXGH�SUDFWLFDO�DQG�LQH[SHQVLYH�FDSDELOLWLHV�VXLWDEOH�IRU�D�FRVW

GULYHQ�PDUNHW�

7KH�VRIWZDUH��FDOOHG�+\SHU6L]HU��SHUIRUPV�VWUHQJWK�DQG�VWDELOLW\�DQDO\VHV�RI�SDQHOV�DQG�EHDPV�

DXWRPDWLFDOO\�VL]HV�VWUXFWXUH�IRU�WKHUPRPHFKDQLFDO�HQYLURQPHQWV��DQG�SURYLGHV�DQDO\WLFDO�ZHLJKW

SUHGLFWLRQV���+\SHU6L]HU�LV�VLJQLILFDQW�GXH�WR�LWV�JHQHUDOLW\�DQG�DELOLW\�WR�EH�OLQNHG�DFFXUDWHO\�ZLWK

SODQDU� ILQLWH� HOHPHQW� DQDO\VLV� �)($���1RQ�OLQHDU�� WHPSHUDWXUH� DQG� ORDG� GHSHQGHQW� FRQVWLWXWLYH

PDWHULDO� GDWD� RI� HDFK� FRPSRVLWH�PDWHULDO©V� ODPLQDWH� DUH� XVHG� WR� �EXLOG�XS�� WKH� VWLIIHQHG� SDQHO

PHPEUDQH��EHQGLQJ��DQG�PHPEUDQH�EHQGLQJ�FRXSOLQJ�VWLIIQHVV�WHUPV�DQG�WKHUPDO�FRHIILFLHQWV��7KHVH

SDQHO�GDWD�DUH�LQSXW�LQWR�WKH�06&�1$675$1�)($�SURJUDP�WR�DFFXUDWHO\�SHUIRUP�DQDO\VLV�ZLWK

FRDUVH�PHVKHG�PRGHOV���5HVXOWLQJ�)($�VROYHG�WKHUPRPHFKDQLFDO�IRUFHV�DQG�PRPHQWV�DUH�XVHG�WR

FDOFXODWH�VWUDLQV�DW�DQ\�ORFDWLRQ�LQ�WKH�SDQHO�SHUPLWWLQJ�RUWKRWURSLF�VWUHQJWK�DQDO\VLV�RI�WKH�ODPLQDWHV

DQG�RUWKRWURSLF�LQVWDELOLW\�FKHFNV��VXFK�DV�ORFDO�EXFNOLQJ��RI�HDFK�ODPLQDWHG�VHJPHQW�RI�WKH�FURVV

VHFWLRQ�

7KH�PHWKRG�LV�UREXVW�HQRXJK�WR�KDQGOH�SDQHOV�ZLWK�JHQHUDO�FURVV�VHFWLRQDO�VKDSHV��LQFOXGLQJ�WKRVH

ZKLFK�DUH�XQV\PPHWULF�RU�XQEDODQFHG���1HZ�WKHUPDO�FRHIILFLHQWV�DUH�LQWURGXFHG�WR�TXDQWLI\�SDQHO

UHVSRQVH�IURP�WKURXJK�WKH�WKLFNQHVV�WHPSHUDWXUH�JUDGLHQWV���

)RUPXODWLRQV�RI�>�����@�HQDEOH�WKH�VROXWLRQ�WR�DQ\�DSSOLHG�WKHUPRPHFKDQLFDO�ORDG�FRPELQDWLRQ���$

PDMRU�EHQHILW�RI�EHLQJ�DEOH�WR�DFFXUDWHO\�IRUPXODWH�VWLIIHQHG�SDQHOV�ZLWK�VPHDUHG�HTXLYDOHQW�SODWH

SURSHUWLHV�LV�WKDW�D�FRDUVHO\�PHVKHG���'�)(0�ZLWK�D�VLQJOH�SODQH�RI�VKHOO�ILQLWH�HOHPHQWV�FDQ�EH�XVHG

WR�DQDO\]H�FRPSOH[�WKHUPRPHFKDQLFDOO\� ORDGHG�VWUXFWXUHV�� �7UDGLWLRQDO�PHWKRGV�RI�IRUPXODWLQJ

HTXLYDOHQW�SODWH�SDQHO�VWLIIQHVV�DQG�WKHUPDO�FRHIILFLHQWV��WKRXJK�LQWXLWLYH��DUH�GLIILFXOW�WR�XVH�IRU�D

ZLGH�SRVVLELOLW\�RI�DSSOLFDWLRQV��0RUH�LPSRUWDQWO\�WKH\�JLYH�LQFRUUHFW�UHVXOWV�DV�UHSRUWHG�LQ�UHIHUHQFH

��DQG�UHIHUHQFH�������'�)($�WKDW�XVHV�WKLV�IRUPXODWLRQ�FRUUHODWHV�YHU\�ZHOO�ZLWK���'�)($�>���@�

$SSOLFDWLRQ�RI�WKH�VRIWZDUH�WR�D�K\SHUVRQLF��DLUEUHDWKLQJ�;���[�YHKLFOH�>�@�LV�KLJKOLJKWHG���7KH

YHKLFOH�LV�DQ�LQWHJUDWHG�DLUIUDPH�HQJLQH�GHVLJQ�WKDW�KDV�KDW�VWLIIHQHG��SRO\PHU�FRPSRVLWH�SDQHOV��7KH

DLUIUDPH�DQG�HQJLQH�KDV�RYHU�����GHILQHG�VWUXFWXUDO�FRPSRQHQWV�DQG�LV�DQDO\]HG�DQG�VL]HG�IRU�WKH

FULWLFDO�WUDMHFWRU\�WLPHSRLQW�ORDG�FDVHV��,Q�JHQHUDO��D�VWUXFWXUDO�FRPSRQHQW�LV�LGHQWLILHG�IRU�HDFK�SDQHO

ED\�WKDW�VSDQV�IURP�ULQJIUDPH�WR�ULQJIUDPH��

$SSOLFDWLRQ� RI� WKH� VRIWZDUH� WR� D� VLGHZDOO� RI� DQ� ,62� FDUJR� FRQWDLQHU� LV� LOOXVWUDWHG�� 6WUXFWXUDO

FRPSRQHQWV� RQ� WKH� ODUJH� ���
[�
�� SDQHO� DUH� LGHQWLILHG� E\� RSWLPL]DWLRQ� ]RQHV� ZKLFK� UHSUHVHQW

FRQYHQLHQW��PDQXIDFWXUDEOH�DUHDV�RI�VWLIIHQHU�WDSHUV�DQG�IDEULF�OD\XSV���06&�EXFNOLQJ�VROXWLRQ����

LV�XVHG�WR�YDOLGDWH�WKH�VWLIIHQHG�SDQHO�VKHDU�EXFNOLQJ�SHUIRUPHG�ZLWK�H[SOLFLW�DQDO\VHV�RI�WKH�VL]LQJ

RSWLPL]DWLRQ�VRIWZDUH��
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)LJXUH���+\SHU6L]HU�H[WHQGV�ODPLQDWH�IRUPXODWLRQ�WR

VWLIIHQHG�SDQHOV�

2  Theory
5HIHUHQFHV� �� DQG� �� GHVFULEH� WKH� JHQHUDO� WKHUPRHODVWLF� WKHRU\� RI� DQ\� JHQHUDO� SDQHO�� 7KH� EDVLF

DSSURDFK�LV�WR�H[WHQG�FODVVLFDO�ODPLQDWLRQ�WKHRU\�WR�WKH�VWLIIHQHG�FURVV�VHFWLRQ��)LJXUH�����(TXDWLRQ

����GHILQHV�WKH�JHQHUDO�VWLIIQHVV�WHUPV�DQG�HTXDWLRQ�����GHILQHV�WKH�JHQHUDO�WKHUPDO�FRHIILFLHQWV�

���

���

ZKHUH�6�LV�WKH�GLVWDQFH�RI�WKH�UHSHDWLQJ�SDWWHUQ�RI�FRUUXJDWLRQ�DQG�Z�LV�WKH�ZLGWK��W�LV�WKH�WKLFNQHVV�

DQG���LV�WKH�DQJOH�RI�D�VWLIIHQLQJ�VHJPHQW��� ��(�IRU�SHUSHQGLFXODU�VWLIIHQHUV����(DFK�VWLIIQHVV�WHUP
DQG�WKHUPDO�FRHIILFLHQW�LV�WKH�VXPPDWLRQ�RI

DOO� ODPLQDWH�PHWDOOLF�VKHHW� VHJPHQWV�� � ,Q

WKLV�ZD\��HDFK�VHJPHQW�DQG�LWV�VKDSH�FDQ�EH

DFFRXQWHG�IRU�LQ�DQ\�SDQHO�FRQFHSW��

5HIHUHQFH� �� VXSSOHPHQWV� UHIHUHQFH� �� E\

LQFOXGLQJ�VSHFLILF�HTXDWLRQV�WKDW�GHILQH�DOO

RI� WKH� FKDUDFWHULVWLFV� RI� D� KDW� VWLIIHQHG

SDQHO��)RU�LQVWDQFH��WZHOYH�VWLIIQHVV�WHUPV

DUH�IRUPXODWHG�IRU�D�FRUUXJDWHG��KDW�VKDSHG

FRPSRVLWH�VWLIIHQHG�SDQHO�E\�LQFOXGLQJ�WKH

XQLTXH� FKDUDFWHULVWLFV� RI� WKH� FORVHG� FHOOV

WKDW� HIIHFWV� EHQGLQJ�WZLVWLQJ�� LQ�SODQH

VKHDU�� DQG� WKHLU� DVVRFLDWHG� VWLIIQHVV

FRXSOLQJV�� 5HIHUHQFH� �� FRPSDUHV� WKH

IRUPXODWLRQV�ZLWK���'�)($��$OO�WHUPV�KDG

GLIIHUHQFHV� OHVV� WKDQ����� � ,PSOLFDWLRQ�RI

WKLV�DJUHHPHQW�LV�WKDW�WKH�HTXLYDOHQW�SODWH

IRUPXODWLRQV� RI� VWLIIQHVV� DQG� WKHUPDO

FRHIILFLHQWV�LPSOHPHQWHG�LQ�WKH�VRIWZDUH�

DQG� XVHG� LQ� WKH� IROORZLQJ� DSSOLFDWLRQV�

SURYLGH� WKH� FDSDELOLW\� WR� TXDQWLI\� WKH

WKHUPRHODVWLF� UHVSRQVH� RI� DQ\� VWUXFWXUH

ZLWK�FRDUVHO\�PHVKHG���'�PRGHOV��

3 Implementation of the theory with MSC/NASTRAN
,Q�SODQH�DQG�WKURXJK�WKH�WKLFNQHVV�WHPSHUDWXUH�JUDGLHQWV�FDQ�EH�FRUUHFWO\�DSSOLHG�DQG�VROYHG�IRU

DQLVRWURSLF�RUWKRWURSLF��XQV\PPHWULF��DQG�XQEDODQFHG�ODPLQDWHV�RU�VWLIIHQHG�SDQHOV�ZLWK�D�VLQJOH

SODQH�RI�VKHOO�HOHPHQWV�ZLWK�WKH�06&�1$675$1�)($�SURJUDP���7KLV�LV�DFFRPSOLVKHG�E\�LQFOXGLQJ
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WKH� IXOO� FRPSOHPHQW�RI� VPHDUHG� HTXLYDOHQW� SODWH� VWLIIQHVV�PDWULFHV� DQG� WKHUPDO� H[SDQVLRQ� DQG

EHQGLQJ�FRHIILFLHQW�YHFWRUV�LQ�WKH�)(0�GDWD�GHFN��6WLIIQHVV�PDWULFHV�IRU�PHPEUDQH��EHQGLQJ��DQG

PHPEUDQH�EHQGLQJ� FRXSOLQJ� DUH� HQWHUHG� GLUHFWO\� LQWR� 06&�1$675$1� ZLWK� RQO\� PLQRU

DGMXVWPHQWV�� 7KHUPDO� H[SDQVLRQ� DQG� EHQGLQJ� FRHIILFLHQW� YHFWRUV� IRU� PHPEUDQH�� EHQGLQJ�� DQG

PHPEUDQH�EHQGLQJ�FRXSOLQJ�FDQQRW�EH�HQWHUHG�LQWR�06&�1$675$1�ZLWKRXW�PDMRU�DGMXVWPHQWV

WR�WKHLU�IRUPXODWLRQ��>�@�

06&�1$675$1�6WLIIQHVV�7HUPV

7KH� IXOO� FRPSOHPHQW� RI� HLWKHU� ODPLQDWH� RU� SDQHO� PHPEUDQH� >$@�� EHQGLQJ� >'@�� DQG

PHPEUDQH�EHQGLQJ�FRXSOLQJ�>%@�VWLIIQHVV�WHUPV�FDQ�EH�HQWHUHG�RQ�06&�1$675$1�0$7��PDWHULDO

EXON�GDWD�FDUGV���06&�1$675$1�UHIHUV�WR�DOO�RI�WKH�>$@��>'@��DQG�>%@��[��VWLIIQHVV�WHUPV�DV�*LM�>�@�

*LM�DUH�WKH���������������������DQG����ILHOGV�RI�WKH�0$7��FDUG���$�0$7��FDUG�LV�XVHG�IRU�HDFK

VWLIIQHVV�EHKDYLRU���7KHUHIRUH��WR�PRGHO�SDQHO�PHPEUDQH��EHQGLQJ��DQG�PHPEUDQH�EHQGLQJ�FRXSOLQJ

VWLIIQHVV� UHTXLUHV� WKUHH� 0$7�� FDUGV�� � 7KH� 0$7�� FDUGV� FDQ� UHSUHVHQW� ODPLQDWHV� RU� VPHDUHG

HTXLYDOHQW�DQLVRWURSLF�SODWHV��

06&�1$675$1�7KHUPDO�&RHIILFLHQWV

06&�1$675$1�FDOFXODWHV�WKHUPDO�EHKDYLRU�ZLWK�WKH�JHQHUDO�HTXDWLRQ

���

ZKLFK�UHODWHV�VWUHVVHV��) ��WR�VWUDLQV��� ��IRU�DQ�DQLVRWURSLF�KRPRJHQRXV�OD\HU���* �DUH�WKH�4 �UHGXFHGL � � � L � � � � � �� LM� � � LM

VWLIIQHVV�WHUPV��7KH�$ ��$ ��DQG�$ �DUH�WKH�� �H[SDQVLRQ�FRHIILFLHQWV�RI�WKH�PDWHULDO��7KH�WHUP��W��� � � � � ��� � � L

W ��LV�LWV�FKDQJH�LQ�WHPSHUDWXUH���7KH�$ ��$ ��DQG�$ ��FRHIILFLHQWV�DOVR�JHW�HQWHUHG�IRU�HDFK�0$7��� � � � � � �� � � � � � � ��

/LNHZLVH��ZKHQ�RQ�VHSDUDWH�0$7��FDUGV��WKH\�UHSUHVHQW�PHPEUDQH��PHPEUDQH�EHQGLQJ�FRXSOLQJ�

DQG�EHQGLQJ�WKHUPDO�UHVSRQVH��8QOLNH�WKH�VWLIIQHVV�WHUPV��KRZHYHU��VPHDUHG�HTXLYDOHQW�SODWH�WKHUPDO

FRHIILFLHQWV�FDQQRW�EH�HQWHUHG�GLUHFWO\�LQWR�06&�1$675$1���7KH\�PXVW�EH�IRUPXODWHG�WR�DFFRXQW

IRU�06&�1$675$1
V�SDUWLFXODU�IRUPXODWLRQ�RI�WKHUPDO�IRUFHV�DQG�PRPHQWV��06&�1$675$1

VPHDUHG�HTXLYDOHQW�SODWH�1$ ��1% ��DQG�1' �WKHUPDO�FRHIILFLHQWV�DUH�L � L � � L
� � � � � �

7KHLU�GHULYDWLRQ�LV�UHSRUWHG�LQ�UHIHUHQFH����

$�FKDQJH�LQ�WKH�SDQHO
V�EXON�WHPSHUDWXUH�LV�HQWHUHG�LQ�WKH�)($�E\�VXSSO\LQJ�WKH�UHIHUHQFH�WHPSHUD�

WXUH�RQ�WKH�0$7��UHFRUG�DQG�WKH�ORDGFDVH�GHSHQGHQW�WHPSHUDWXUH�RQ�WKH�7(033��UHFRUG���7KH

HIIHFW�RI�LQ�SODQH�WHPSHUDWXUH�JUDGLHQWV�LV�WKHQ�FDSWXUHG�ZLWK�WKH�PRGHO
V�GLVFUHWL]DWLRQ���/RDGFDVH
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Model Data Design Data

ST-Size Automated Iteration

Minimum weight

 Con-

verged


?

ST-A

analysis


sizing

Element

forces

Material

selections

Panel 

& beam


concepts

Element stiffnesses

& 


thermal coefficients

FEM

geometry

Load

sets

Element

forces

FEA

Structural component

sizes, element stiffnesses,


& thermal coefficients

ST-Size Automated Iteration

Minimum weight
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)LJXUH����7KH�+\SHU6L]HU�VWUXFWXUDO�VL]LQJ�SURFHVV�

GHSHQGHQW�WKURXJK�WKH�WKLFNQHVV�JUDGLHQWV�DUH�HQWHUHG�RQ�DQ�HOHPHQW�EDVLV�ZLWK�WKH�7(033��UHFRUG�

:KHQ�WKH�06&�1$675$1�WKLFNQHVV�DQG�LQHUWLD�IDFWRU�DUH�VHW�WR�����DQG������UHVSHFWLYHO\��WKHQ�WKH

ORDG�FDVH�GHSHQGHQW�WHPSHUDWXUH�JUDGLHQWV�FDQ�EH�HQWHUHG�GLUHFWO\�

4  Implementation of the process with FEA
7KH�+\SHU6L]HU�FRPSXWHU�FRGH�RSHUDWHV�LQ�WKH�SURFHVV�GHSLFWHG�LQ�)LJXUH�����,W�LQYROYHV�ERWK�WKH

DQDO\VLV�DQG�GHVLJQ�HQYLURQPHQWV��,Q�WKH�DQDO\VLV�HQYLURQPHQW��LW�VXSSOLHV�WKH�1$675$1�)($�ZLWK

WKH� WKHUPRHODVWLF�VWLIIQHVVHV�DQG�WKHUPDO�FRHIILFLHQWV�DQG�UHDGV� WKH�UHVXOWLQJ�FRPSXWHG�HOHPHQW

IRUFHV��,Q�WKH�GHVLJQ�HQYLURQPHQW��+\SHU6L]HU�GHVLJQV�WKH�VHFWLRQV�UHSUHVHQWHG�E\�HDFK�ILQLWH�HOHPHQW

WR�WKH�OLJKWHVW�ZHLJKW�WKDW�ZLOO�ZLWKVWDQG�WKH�FRPSXWHG�IRUFHV��,Q�GRLQJ�VR��LW�ORFDWHV�DOO�DSSURSULDWH

GDWD�VXFK�DV�PDWHULDO�SURSHUWLHV�DQG�SHUIRUPV�QXPHURXV�IDLOXUH�PRGH�FKHFNV�

2WKHU�PDMRU�LQSXWV�WR�WKH�GHVLJQ�DUHD�DUH�HOHPHQW�WHPSHUDWXUHV��PDWHULDO�SURSHUWLHV��VL]LQJ�GDWD��DQG

WKH�OLQNLQJ�WDEOH��(OHPHQW�WHPSHUDWXUHV�DUH�QHHGHG�WR�UHWULHYH�WHPSHUDWXUH�GHSHQGHQW�SURSHUWLHV�IURP

WKH�PDWHULDOV�ILOH��)RU�WKH�PRVW�SDUW��VL]LQJ�GDWD�DUH�IDFWRUV�IRU�ORDG��QRQ�RSWLPXP�ZHLJKW��VWUHQJWK�

DQG� EXFNOLQJ� GDWD�� 0RUH� LPSRUWDQWO\� WKRXJK�� WKH\� SURYLGH� D� ZD\� WR� �VL]H�� WKH� VHFWLRQV� DV

UHSUHVHQWDWLYH�VWUXFWXUDO�KDUGZDUH���)RU�LQVWDQFH��WKH�VL]LQJ�GDWD�FRQWDLQ�LQIRUPDWLRQ�VXFK�DV�SDQHO

HIIHFWLYH�EXFNOLQJ�OHQJWKV�WKDW�QHLWKHU�WKH�)(0�QRU�DQ\�RWKHU�LQSXW�FRQWDLQV��7KH�ODVW�PDMRU�LQSXW

LV�WKH�OLQNLQJ�WDEOH�ZKLFK�LV�UHTXLUHG�WR�DVVRFLDWH�WKH�HOHPHQWV�RI�WKH�)(0�WR�WKHLU�FRUUHVSRQGLQJ

VHFWLRQV�

Panel and beam sections
3DQHOV�DQG�EHDPV�KDYH�GLIIHUHQW�YDULDEOHV�WKDW�PD\�EH�DGMXVWHG�WR�JLYH�GLIIHUHQW�VL]HV��6KRZQ�LQ

)LJXUH���LV�D�WUXVVFRUH�VDQGZLFK��%\�RPLWWLQJ�WKH�ERWWRP�IDFHVKHHW��WKH�SDQHO�EHFRPHV�KDW�VWLIIHQHG�

$�KDW�VWLIIHQHG�SDQHO�FRQFHSW�LV�XVHG�IUHTXHQWO\�LQ�PDQ\�LQGXVWULHV�
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X Panel and laminate

X axes are the same
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(1) -θ
(X) & (I)

θ = 0°
(X) (1)

+θ

(1) Lamina axis

(x) Laminate axis

Trusscore sandwich 

shown with geometric

design variables
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θ°

2

1

t3

Coresheet

material (M2)

Top facesheet

material (M1)

Bottom facesheet

material (M3)

Sx

Nwt

Ntt

Ntb

Additional design variables

provided by tailoring

of fiber directions
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)LJXUH���2SWLPL]DWLRQ�RI�FRPSRVLWH�SDQHO�VWUHQJWK�DQG

VWLIIQHVV�

$� VHFWLRQ� WDEOH� IRU� KDW� RU� WUXVVFRUH� VDQGZLFK�SDQHOV� LV� JHQHUDWHG�E\�YDU\LQJ� WKHVH�GLPHQVLRQV

LQGHSHQGHQWO\�ZLWKLQ�ERXQGV�HVWDEOLVKHG�E\�GHVLJQ�RU�PDQXIDFWXULQJ�FRQVWUDLQWV�� �7KH�UHVXOWLQJ

FRPELQDWLRQV�RI�YDULDEOHV�DV�VKRZQ�LQ�)LJXUH���SURGXFH�VHFWLRQV�RI�YDU\LQJ�ZHLJKW�WKDW�DUH�UDQNHG

LQ�LQFUHDVLQJ�RUGHU�DQG�VWRUHG�LQ�VHFWLRQ�WDEOHV��7KHVH�YDULDEOHV�DUH�IRU�WKH�SDQHO
V�WRWDO�WKLFNQHVV��+��

IDFHVKHHW�DQG�FRUHVKHHW�WKLFNQHVVHV�DQG�PDWHULDOV��W ��W ��W ��DQG�0 ��0 ��0 ���FRUUXJDWLRQ�VSDFLQJ
� � � � � � � � � � � �

�6 ���FRUHVKHHW�DQJOH������DQG�MRLQLQJ�QRGH�WKLFNQHVV�DQG�ZLGWKV�
[

7KH�XVH�RI�VHFWLRQV�SURYLGHV�D�SRZHUIXO
FDSDELOLW\�WR�WKH�FRGH��%\�GHILQLWLRQ��WKH
VHFWLRQ� LV� WKH� LGHQWLFDO� FURVV�VHFWLRQ
VKDSH�RI�WKH�VWUXFWXUDO�FRPSRQHQW�LW�LV
UHSUHVHQWLQJ��7KH�GHWDLOHG�GLPHQVLRQDO
GDWD� FDUULHG� ZLWKLQ� D� VHFWLRQ� HQWU\
DOORZV�IRU�H[DPLQDWLRQ�RI�DOO�SRWHQWLDO
IDLOXUH� PRGHV� GXULQJ� VHOHFWLRQ� RI� D
ZRUNDEOH�VHFWLRQ��(DFK�VHFWLRQ�W\SH�KDV
LWV� RZQ� LQQDWH� VHW� RI� HTXDWLRQV� IRU
VWUHQJWK� DQG� VWDELOLW\� WKDW� DUH
DSSURSULDWH� WR� LW�� )RU� LQVWDQFH� LQ
DGGLWLRQ� WR� WKH� XVXDO� VWUHQJWK� DQG
VWDELOLW\� IDLOXUH� PRGHV�� KRQH\FRPE
SDQHOV�PD\�IDLO�E\� LQWHUFHOO�GLPSOLQJ�
FRUH�FUXVKLQJ��IDFHVKHHW�ZULQNOLQJ��DQG
FULPSLQJ�� � 7KH� KDW�WUXVVFRUH� SDQHO� LV
DQDO\]HG� IRU� RYHU� ��� SRWHQWLDO� IDLOXUH
PRGHV�� 7KHVH� W\SHV� RI� IDLOXUH� PRGH
FKHFNV� PD\� QRW� EH� DFFRPSOLVKHG
ZLWKRXW� WKH� GHWDLOHG� GLPHQVLRQV
DYDLODEOH�IURP�VWRUHG�VHFWLRQ�WDEOHV��

7KH�VL]LQJ�SURFHVV�EHJLQV�E\�VHOHFWLQJ
WKH� OLJKWHVW� HQWU\� LQ� WKH� VHFWLRQ� WDEOH
DQG�DQDO\]LQJ�LW�IRU�WKH�FRPSXWHG�)($
IRUFHV��(DFK�SRWHQWLDO� IDLOXUH�PRGH� LV
LQYHVWLJDWHG�� $Q\� IDLOXUH� PRGH� WKDW
JLYHV�D�QHJDWLYH�PDUJLQ�RI�VDIHW\�ZLOO
FDXVH�WKDW�VHFWLRQ�WDEOH�HQWU\�WR�IDLO��,Q
WKDW�FDVH��WKH�QH[W�HQWU\�LQ�WKH�WDEOH�LV�HYDOXDWHG�XQWLO�RQH�PHHWV�DOO�RI�WKH�VWUHQJWK�DQG�VWDELOLW\
UHTXLUHPHQWV��,Q�WKH�VL]LQJ�RSWLPL]DWLRQ�SURFHVV��PLOOLRQV�RI�GLIIHUHQW�VL]HV��PDWHULDOV��DQG�OD\XSV
DUH�HYDOXDWHG�IRU�DQ�DHURVSDFH�DSSOLFDWLRQ��

:KHQ�D�VHFWLRQ�VL]H�VDWLVILHV�DOO�ORDG�FRQGLWLRQV�RI�DOO�WKH�ILQLWH�HOHPHQWV�WKDW�FRPSULVH�D�VWUXFWXUDO

FRPSRQHQW��WKDW�FRPSRQHQW�LV��VL]HG���DQG�LWV�XQLW�ZHLJKW�LV�FRPSXWHG�IURP�WKH�VHFWLRQ�JHRPHWU\

DQG�PDWHULDO�GHQVLWLHV���(DFK�FRPSRQHQW©V�XQLW�ZHLJKW�DQG�VXUIDFH�DUHD�LV�FRPSXWHG�DQG�VXPPHG

WR�GHWHUPLQH�WKH�OLJKWHVW�YHKLFOH�ZHLJKW�

�

7KH� GLPHQVLRQV� RI� )LJXUH� �� DUH� QRW�PRGHOHG� LQ� SODQDU� ILQLWH� HOHPHQW� DQDO\VLV� EXW� DUH� LQVWHDG
UHSUHVHQWHG�ZLWK�HTXLYDOHQW�SODWH�SURSHUWLHV��%RWK�LVRWURSLF�DQG�RUWKRWURSLF�VHFWLRQV�DUH�VSHFLILHG
LQ�WHUPV�RI�>$@��>'@��DQG�>%@�VWLIIQHVV�PDWULFHV��,I�DQRWKHU�LWHUDWLRQ�LV�GHVLUHG��WKH�GLPHQVLRQV�DQG
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PDWHULDO� SURSHUWLHV� RI� HDFK� VHFWLRQ� DUH� FRQYHUWHG� WR� VWLIIQHVV� WHUPV� DQG� ZULWWHQ� RXW� WR
06&�1$675$1�LQSXW�GDWD�FDUGV��)RU�DHURVSDFH�DSSOLFDWLRQV��GLIIHUHQW�WUDMHFWRU\�WLPH�SRLQWV�ZLOO
FDXVH�DQ�HOHPHQW�WR�EH�DW�GLIIHUHQW�WHPSHUDWXUHV��WKHUHIRUH�06&�1$675$1�VWLIIQHVV�GDWD�LV�FUHDWHG
IRU�HYHU\�WUDMHFWRU\�WLPH�SRLQW�FRQVLGHUHG���7KH�QXPEHU�RI�VWLIIQHVV�GDWD�VHWV�UHTXLUHG�SHU�HOHPHQW
LV�UHIHUUHG�WR�DV�WKH�QXPEHU�RI�WHPSHUDWXUH�VHWV���

:KHQ�PDWHULDO�WHPSHUDWXUH�VHWV�DUH�ZULWWHQ�IRU�DOO�HOHPHQWV��WKHQ�DQ�)($�VROXWLRQ�LV�H[HFXWHG���6LQFH
HDFK�PDWHULDO�WHPSHUDWXUH�FKDQJH�ZLOO�QHFHVVLWDWH�D�GHFRPSRVLWLRQ�RI�WKH�ILQLWH�HOHPHQW�VWLIIQHVV
PDWUL[��DQ�)($�VROXWLRQ�LV�H[HFXWHG�IRU�HDFK�WHPSHUDWXUH�VHW��$IWHU�DOO�)($�H[HFXWLRQV�DUH�FRPSOHWH�
WKH�FRPSXWHG�HOHPHQW�IRUFHV�RI�WKH�PXOWLSOH�ORDG�FDVHV�DUH�UHDG�EDFN�LQWR�WKH�VL]LQJ�SURFHVV���7KLV
FRQWLQXHV�XQWLO�WKH�XVHU�LV�VDWLVILHG�WKDW�WKH�VWUXFWXUDO�ZHLJKW�KDV�FRQYHUJHG�WR�D�YDOXH�

8VH� RI� FRPSRVLWH� IDFHVKHHWV� RI� VDQGZLFK�SDQHOV� FDQ� UHVXOW� LQ�GLIIHUHQW� SO\� FRXQWV� DQG� OD\�XSV
EHWZHHQ�XSSHU�DQG�ORZHU�IDFHVKHHWV�ZKHQ�D�PLQLPXP�ZHLJKW�VROXWLRQ�LV�LGHQWLILHG���$W�WLPHV�WKH
ODPLQD�PDWHULDOV�PLJKW�FRPH�XS�GLIIHUHQW���7KLV�PD\�EH�GXH�WR�ORDGV��WHPSHUDWXUH�JUDGLHQWV��RU�D
FRPELQDWLRQ�RI�HIIHFWV����,Q�DQ\�RI�WKHVH�FDVHV�WKH�VHFWLRQ�LV�XQEDODQFHG�DQG�FUHDWHV�WKH�>%@�PDWUL[
VWLIIQHVV�FRHIILFLHQWV�DQG�WKH�̂ %`�WKHUPDO�H[SDQVLRQ�DQG�EHQGLQJ�FRHIILFLHQWV�IRU�PHPEUDQH�EHQGLQJ
FRXSOLQJ��7KHVH�XQV\PPHWULF�VWLIIQHVV�DQG�WKHUPDO�WHUPV�DUH�KDQGOHG�E\�WKH�+\SHU6L]HU�FRGH��1RWH
WKDW�DOO�VWLIIHQHG�SDQHOV�DUH�XQV\PPHWULF�E\�QDWXUH�RI�WKHLU�VKDSHV�

5  Applications
7KH�LQQRYDWLYH��DFFXUDWH��DQG�JHQHUDO���'�WKHUPRHODVWLF�IRUPXODWLRQV�RI�>���@�SURYLGH�D�FDSDELOLW\
WR�HYDOXDWH�DQG�VLPXOWDQHRXVO\�RSWLPL]H�SDQHO�FRQFHSWV��WKHLU�DFWXDO�FURVV�VHFWLRQDO�VKDSHV��VL]HV�
WKLFNQHVVHV��PDWHULDO�VHOHFWLRQ��DQG�PDWHULDO�OD\XS��VHH�)LJXUH����$FFXUDWH�DQG�HIILFLHQW�VPHDUHG
HTXLYDOHQW�SODWH�VWLIIQHVV�DQG�WKHUPDO�FRHIILFLHQW�IRUPXODWLRQV�RI�WKLV�VRIWZDUH�DUH�SDUWLFXODUO\�XVHIXO
IRU�FRDUVHO\�PHVKHG�ILQLWH�HOHPHQW�PRGHOV�RI�D�WRWDO�VWUXFWXUDO�HQWLW\�VXFK�DV�DQ�HQJLQH�RU�DLUIUDPH�
7KH� IRUPXODWLRQV� DQG� VRIWZDUH� DUH�XVHIXO� IRU� DQDO\VLV� DQG�GHVLJQ�RI� OLJKWHU�ZHLJKW� DQG�KLJKHU
WHPSHUDWXUH�FDSDEOH� VWUXFWXUH�� 7ZR� GLYHUVH� DSSOLFDWLRQV� DUH� SUHVHQWHG� EHORZ�� 7KH� ILUVW� LV� LQ
DHURVSDFH� >�@� ZKHUH� WKH� QHHGV� DUH� IRU� SRZHUIXO� DQG� DFFXUDWH� DQDO\VHV� WKDW� KDQGOH� FRPSOH[
WKHUPRPHFKDQLFDO�ORDGLQJV��DQG�WKH�VHFRQG�LV�IRU�DQ�,62�PDULQH�FRQWDLQHU�ZKHUH�WKH�QHHGV�DUH�IRU
SUDFWLFDO�DQG�LQH[SHQVLYH��FRVW�GULYHQ�FRPPHUFLDO�GHVLJQ�FDSDELOLW\��

X-34x Aerospace Vehicle �

7KH� SURFHVV�RI� VL]LQJ� DLUFUDIW� VWUXFWXUH�EHJLQV�ZLWK�REWDLQLQJ�PHFKDQLFDO� DQG� WKHUPDO� ORDGV� DW
GHVLJQDWHG�WUDMHFWRU\�WLPH�SRLQWV�ZKHUH�FULWLFDO�IOLJKW�HYHQWV�DQG�PDQHXYHUV�RFFXU��$W�HDFK�WLPH
SRLQW��WKH�SUHVVXUH�GLVWULEXWLRQV�DUH�FRPSXWHG���,I�WKH�DLUFUDIW�IOLHV�DW�KLJK�VSHHGV��WKHQ�WHPSHUDWXUH
GLVWULEXWLRQV�PXVW�DOVR�EH�GHWHUPLQHG���7KH�SUHVVXUHV�DQG�LQHUWLDO�ORDGV��UHIHUUHG�WR�DV�PHFKDQLFDO
ORDGV��KDYH�D�FRUUHVSRQGLQJ�VHW�RI�WHPSHUDWXUH�GLVWULEXWLRQV��UHIHUUHG�WR�DV�WKHUPDO�ORDGV��ZKLFK�DUH
XVHG�VLPXOWDQHRXVO\�LQ�WKH�VL]LQJ�FRGH�IRU�HDFK�ORDG�FDVH���(DFK�RI�WKHVH�ORDG�SDLUV�LV�DSSOLHG�WR�WKH
)(0�DQG�WKH�)($�VROXWLRQ�LV�H[HFXWHG�WR�REWDLQ�LQGLYLGXDO�HOHPHQW�IRUFHV�IRU�HDFK�ORDG�FDVH��7KHVH
HOHPHQW�IRUFHV�DUH�D�PDMRU�LQSXW�WR�WKH�GHVLJQ�DUHD�

��0DWHULDO�DQG�SDQHO�FRQFHSW��$�KDW�VKDSHG�VWLIIHQHG�SDQHO�FRQFHSW�LV�XVHG�IRU�WKH�IXVHODJH�RI�WKLV
;���[�GHVLJQ��$�JUDSKLWH�HSR[\��*U�(S��ILEHU�UHLQIRUFHG��SRO\PHU�FRPSRVLWH�PDWHULDO�LV�XVHG�IRU
WKH�DLUIUDPH�IXVHODJH��ZLQJ��DQG�LQWHUQDO�VWUXFWXUH��*U�(S�LV�D�KLJK�SHUIRUPLQJ��ORZ�GHQVLW\�PDWHULDO
ZLWK� ORZ� FRHIILFLHQW� RI� WKHUPDO� H[SDQVLRQ� �&7(��� 7KHVH� FKDUDFWHULVWLFV� PDNH� WKH� PDWHULDO
SDUWLFXODUO\� EHQHILFLDO� WR� K\SHUVRQLF� DHURVSDFH� YHKLFOHV� ZKLFK� XQGHUJR� H[WUHPH� WHPSHUDWXUH
GLIIHUHQWLDOV���7KH�LQ�VHUYLFH��VWUXFWXUDO�WHPSHUDWXUH�RI�WKLV�;���[�GHVLJQ�UDQJHG��IURP�����(�)�WR

���(�)��
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)LJXUH���+\SHU6L]HU�DFFXUDWHO\�DQDO\]HV�DOO�SDQHO�FRQFHSWV�ZLWK�)($��

��&$'�6XUIDFH�'DWD��&$'�VXUIDFHV�ZHUH�WUDQVODWHG�WR�WKH�,*(6�IRUPDW�DQG�WKHQ�LQSXW�LQWR�WKH
06&�3��)(0�PRGHOLQJ�V\VWHP���)URP�WKHUH�WKH�LQWHUQDO�VWUXFWXUH�ZDV�GHILQHG�DQG�WKHQ�DOO�VXUIDFHV

PHVKHG��$OO�GHWDLOV�RI�WKH�VWUXFWXUH�ZHUH�LQFOXGHG�VXFK�DV�WKH�ZLQJ�VSLQGOH��HQJLQH�VXSSRUW�WUXVVHV�

DQG�WKH����JDS�EHWZHHQ�WKH�SD\ORDG�ED\�GRRU�DQG�IUDPH��

�)LQLWH�(OHPHQW�0RGHO�)LQLWH�HOHPHQW�DQDO\VLV��)($��LV�XVHG�WR�FRPSXWH�WKH�WKHUPRPHFKDQLFDO�ORDG
SDWKV�RI� WKH� LQWHJUDWHG�DLUIUDPH�HQJLQH�VWUXFWXUH��7KH�)(0�KDV������VKHOO�HOHPHQWV������EHDP

HOHPHQWV��DQG������JULGV���7KH�HOHPHQW�QRUPDOV�KDYH�D�FRQVLVWHQW�GLUHFWLRQ�IRU�FRQYHQLHQW�SUHVVXUH

ORDG�GHILQLWLRQV���$OO�VXUIDFH�VKHOO�HOHPHQWV�KDYH�WKHLU�PDWHULDO�DQJOHV�DOLJQHG�ZLWK�WKH�IRUH�DQG�DIW

GLUHFWLRQ�RI�WKH�YHKLFOH���%HDP�HOHPHQWV�KDYH�WKHLU�SULPDU\�EHQGLQJ�VWUHQJWK�D[HV�DOLJQHG�ZLWK�VKDSH

FRQWURO�PHPEHUV��ULEV��VSDUV��HWF�WR�SURYLGH�WKH�PRVW�VWUXFWXUDO�HIILFLHQF\��0DQ\�GHWDLOV�DUH�LQFOXGHG

VXFK�DV�WKH�SD\ORDG�ED\�GRRU�ODWFKHV�WKDW�DUH�PRGHOHG�ZLWK�5%(��HOHPHQWV�WKDW�DOORZ�JULG�SRLQW

GHJUHHV�RI�IUHHGRP�WR�EH�WRJJOHG�RQ�RU�RII�����

�$SSOLHG� $HUR� DQG� 3URSXOVLYH� 3UHVVXUHV� � &RPSXWHG� GDWD� IURP� WKH� IXOO� IOLJKW� WUDMHFWRU\�ZHUH

H[DPLQHG�WR�GHWHUPLQH�FULWLFDO�HYHQWV���%\�VFDQQLQJ�WUDMHFWRU\�GHSHQGHQW�YHKLFOH�IOLJKW�DFFHOHUDWLRQV�

G\QDPLF�SUHVVXUHV��DQG�IXHO�PDVV�UHPDLQLQJ��LW�ZDV�FRQFOXGHG�WKDW�0DFK�����DQG�����ZRXOG�FOHDUO\

EH�WKH�FRQWUROOLQJ�WLPHSRLQWV��$OO�RI�WKH�DHUR��SURSXOVLYH��URFNHW��WKHUPDO��IXHO�EXUQRII��HWF��GDWD�ZHUH

WKHQ�FRPSXWHG�DQG�DSSOLHG�WR�WKH�)(0�DW�WKHVH�WZR�0DFK�QXPEHUV�WR�SURYLGH�WLPHSRLQW�FRQVLVWHQW

ORDG�FDVHV���
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��/RDGV�0DSSLQJ��7KH�FRPSXWHG�DLUIUDPH�DQG�HQJLQH�SUHVVXUHV�ZHUH�FRQYHUWHG�IURP�WKH�DHUR�DQG

SURSXOVLYH� DQDO\WLFDO� PRGHOV� WR� WKH� VWUXFWXUDO� PRGHO�� 6LQFH� WKH�PHVK� GHQVLWLHV� DQG� JULG� SRLQW

ORFDWLRQV� DUH� GLIIHUHQW� IRU� WKH� DHUR� DQG� VWUXFWXUDO�PRGHOV�� D� SURFHVV� FDOOHG� ORDGV�PDSSLQJ�ZDV

SHUIRUPHG�WR�LQWHUSRODWH�WKH�GDWD�IURP�RQH�WR�WKH�RWKHU���,Q�WKLV�FDVH�SUHVVXUHV�IURP�WKH�DHUR�PRGHO

ZHUH�PDSSHG�WR�WKH�VWUXFWXUDO�PRGHO���6LQFH�WKH�FRPSXWHG�WUDMHFWRU\��DHUR�ORDGV��DQG�SURSXOVLYH

ORDGV�DUH�FRPSXWHG�VHSDUDWHO\��WKHLU�VXSHUSRVLWLRQ�RQWR�WKH�VWUXFWXUDO�PRGHO�ZLOO�XVXDOO\�FDXVH�D�ORDG

LPEDODQFH���7KDW�LV��WKH�QHW�VXPPDWLRQ�RI�DSSOLHG�ORDGLQJV�DUH�QRW�LQ�EDODQFH���,I�VXEVWDQWLDO��DQRWKHU

SURFHVV�FDOOHG�ORDGV�EDODQFLQJ�LV�SHUIRUPHG��)RU�WKLV�DSSOLFDWLRQ��WKLUWHHQ�VXUIDFHV�ZHUH�LGHQWLILHG

RQ�WKH�YHKLFOH��DQG�LQ�DQ�DXWRPDWHG�IDVKLRQ��D�FRPELQDWLRQ�RI�SUHVVXUH�VFDOH�IDFWRUV��SHU�VXUIDFH�

ZHUH�FRPSXWHG�WR�EDODQFH�WKH�ORDGV��

��6WUXFWXUDO�7HPSHUDWXUHV��$�ODUJH�SRUWLRQ�RI�WKH�YHKLFOH�LV�LQ�FRQWDFW�ZLWK�K\GURJHQ�IXHO�FDXVLQJ

WKH�VWUXFWXUH�WR�EH�DW�����()���2WKHU�SDUWV�RI�WKH�VWUXFWXUH��VXFK�DV�WKH�ZLQJ�DQG�IRUZDUG�IXVHODJH�DUH

DW�PXFK�KLJKHU�WHPSHUDWXUHV��$W�VRPH�ORFDWLRQV�RI�WKH�LQWHJUDWHG�DLUIUDPH�HQJLQH��WKH�WKURXJK�WKH�

WKLFNQHVV�WHPSHUDWXUH�JUDGLHQW�UHDFKHV�RI����()�LQ��DQG�ZDV�DFFXUDWHO\�FDSWXUHG�ZLWK�D�VLQJOH�SODQH

RI�ILQLWH�HOHPHQWV��

��0DVVHV��7KH�06&�1$675$1�&210��GDWD�HQWU\�IRUPDW�ZDV�XVHG�WR�LQSXW�WKH�PDVV�GLVWULEXWLRQ

LQWR�WKH�)(0���7KH�PDVV�DQG�PDVV�ORFDWLRQ�IRU�WKH�IXHO��WDQNV��R[LGL]HU��URFNHW��QRVH�ODQGLQJ�JHDU�

PDLQ�ODQGLQJ�JHDU��SD\�ORDG��VXEV\VWHPV��DFWLYH�FRROLQJ�KHDW�H[FKDQJHUV��LQVXODWLRQ��DQG�WKHUPDO

SURWHFWLRQ� V\VWHPV�ZHUH� LQSXW� LQWR� WKH� )(0� HLWKHU� DV� FRQFHQWUDWHG�PDVVHV� RU� GLVWULEXWHG� RYHU

DSSURSULDWH�VXUIDFHV��7KH�UHGXFHG�IXHO�PDVV�DW�0DFK���DQG�����ZDV�DFFRXQWHG��7KH�UHVXOWLQJ�PDVV

RI�WKH�)(0�ZDV�YHULILHG�WR�HTXDO�WKH�PDVV�SURMHFWHG�IRU�SHUIRUPDQFH�DQDO\VHV���2Q�WKH�ILUVW�SDVV��WKH

)($�FDOFXODWHG�WKH�)(0�FHQWHU�RI�JUDYLW\�WR�EH�ZLWKLQ�������RI�WKH�&$'�FDOFXODWHG�&*���

�� 6L]LQJ� ,QSXW� 'DWD� +\SHU6L]HU� LV� WLJKWO\� FRXSOHG� ZLWK� )($�� DQG� LQ� SDUWLFXODU� ZLWK� WKH

06&�1$675$1�)($�SDFNDJH��0RVW�RI�WKH�+\SHU6L]HU�LQSXW�LV�JHQHUDWHG�E\�WKH�)(0�EXLOGLQJ

SURFHVV��7KH�EHQHILW�LV�WKDW�OLWWOH�DGGLWLRQDO�LQSXW�GDWD�LV�UHTXLUHG��2ULJLQDO�GDWD�WR�EH�JHQHUDWHG�LV

IRU�PDWHULDO�ILOHV��PDWHULDO�OD\XSV��VWUXFWXUDO�FRPSRQHQW�VSHFLILFV�VXFK�DV�VL]LQJ�IDFWRUV�DQG�EXFNOLQJ

VSDQV��DQG�UDQJHV�RI�DOORZHG�SDQHO�VKDSH�DQG�VL]H�YDULDEOHV��

��6WUXFWXUDO�&RPSRQHQWV��RSWLPL]DWLRQ�DUHDV���7R�HIIHFWLYHO\�RSWLPL]H�D�ODUJH�VWUXFWXUDO�V\VWHP�

VXFK�DV�D�K\SHUVRQLF�YHKLFOH��WKH�)(0�PXVW�EH�FDWHJRUL]HG�LQWR�JURXSV�RI�ILQLWH�HOHPHQWV�WKDW�IRUP

DUHDV�IRU�RSWLPL]DWLRQ�DQG�GHVLJQ��7KH�+\SHU6L]HU�SURFHVV�EHJLQV�E\�LGHQWLI\LQJ�RSWLPL]DWLRQ�DUHDV

DV�VWUXFWXUDO�FRPSRQHQWV��7KH�VWUXFWXUDO�FRPSRQHQWV�UHSUHVHQW�WKH�VPDOOHVW�SUDFWLFDO�PDQXIDFWXUDEOH

SLHFH�RI�KDUGZDUH��7KDW�LV��WKH\�UHSUHVHQW�DUHDV�WKDW�VKRXOG�QRW�YDU\�LQ�SDQHO�FRQFHSW��PDWHULDO�OD\XS�

VKDSH��RU�VL]H��)RU�WKH�;���[�DHURVKHOO��WKH�VPDOOHVW�RSWLPL]DWLRQ�DUHDV�DUH�WKH�SDQHO�ED\V�EHWZHHQ

IXVHODJH�VKDSH�FRQWURO�PHPEHUV��DV�GHSLFWHG�LQ�)LJXUHV��������$V�VHHQ�LQ�WKH�)(0�LOOXVWUDWLRQV��PDQ\

HOHPHQWV� EHORQJ� WR� DQG� UHSUHVHQW� D� VLQJOH� FRPSRQHQW�� 2YHU� ���� VWUXFWXUDO� FRPSRQHQWV� ZHUH

LGHQWLILHG�IRU�WKLV�;���[�DSSOLFDWLRQ��)LJXUH���VKRZV�WKH�VWUXFWXUDO�FRPSRQHQWV�RQ�WKH�WRS��)LJXUH

��VKRZV�WKH�ERWWRP��DQG�)LJXUH���VKRZV�VRPH�RI�WKH�SULPDU\�LQWHUQDO�FRPSRQHQWV��

�� 5HVXOWV� +\SHU6L]HU� JHQHUDWHV� QXPHURXV� W\SHV� RI� RXWSXW� GDWD� WKDW� HQDEOHV� WKH� JUDSKLFDO

UHSUHVHQWDWLRQ�RI��DQDO\VLV�DQG�GHVLJQ�UHVXOWV��7KHVH�LQFOXGH��FULWLFDO�IDLOXUH�PRGHV��FRQWUROOLQJ�ORDG

FDVHV��DQG�RSWLPXP�XQLW�ZHLJKWV��SDQHO�FRQFHSWV��PDWHULDOV��OD\XSV��VHFWLRQ�GLPHQVLRQV��WKLFNQHVVHV�

DQG�VWLIIHQHU�VSDFLQJV��7KH�DELOLW\�WR�DFFHVV�DOO�RI�WKH�FULWLFDO�GHVLJQ�UHVXOWV�LV�NH\�WR�WKH�XVHU©V

XQGHUVWDQGLQJ�RI�WKH�VWUXFWXUDO�UHVSRQVH��;���[�VL]LQJ�UHVXOWV�DUH�QRW�VKRZQ�LQ�WKLV�SDSHU��
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)LJXUH����7RS�YLHZ�RI�DQ�;���[�YHKLFOH��7KH�FRORU�GLVWULEXWLRQ�UHSUHVHQWV�WKH�JURXSLQJ�RI

HOHPHQWV�WKDW�EHORQJ�WR�VWUXFWXUDO�FRPSRQHQWV��(DFK�FRORU�VTXDUH�UHSUHVHQWV�D�GLIIHUHQW

FRPSRQHQW��7KH�FRPSRQHQWV�DUH�LQ�HIIHFW�RSWLPL]DWLRQ�]RQHV��

)LJXUH���%RWWRP�YLHZ�RI�DQ�;���[�YHKLFOH�

)LJXUH���6WUXFWXUDO�FRPSRQHQWV�RI�WKH�YHKLFOH�LQWHUQDO�VWUXFWXUH��×�)(0�VKRZQ�



Other panel concepts

A corrugated-shaped,

stiffened panel

2D&CNCPTS.eps

Bi-Axial Blade Stiffened

J Stiffened

Blade StiffenedWaffle Grid

Hat Stiffened
Trusscore Sandwich

Honeycomb Sandwich

11

)LJXUH���$SSOLFDWLRQ�WR�DQ��
[�
[��
�,62�PDULQH�FDUJR�FRQWDLQHU�

ISO Cargo Container
7KH�+\SHU6L]HU�FRPSXWHU�SURJUDP�WKDW�HIIHFWLYHO\�FRXSOHV�)($�ZLWK�H[SOLFLW�VL]LQJ�PHWKRGV�ZDV

XVHG�WR�RSWLPL]H�WKH�GLYHUVH�PHWDOOLF�DQG�FRPSRVLWH�VWUXFWXUDO�SDQHOV�RI�DQ�,62�PDULQH�FRQWDLQHU�

VHH�)LJXUH����$Q�H[WHQVLYH�VHULHV�RI�VWUHQJWK�DQG�VWDELOLW\�DQDO\VHV�ZHUH�SHUIRUPHG� WR�HYDOXDWH

GLIIHUHQW�SDQHO�FRQFHSWV�DQG�PDWHULDO�VHOHFWLRQV�LQ�WKH�DWWHPSW�WR�ILQG�D�EHWWHU�DQG�OLJKWHU�ZHLJKW

VWUXFWXUDO�V\VWHP��

�� /RDGLQJV� 6WUXFWXUDO

RSWLPL]DWLRQ�RI�D���
[�
�,62

FRQWDLQHU� VLGHZDOO� ZDV

SHUIRUPHG� IRU� WKH� WKUHH

ORDGLQJV�LW�PXVW�ZLWKVWDQG�WR

PHHW� ,62� �,QWHUQDWLRQDO

6WDQGDUGV� 2UJDQL]DWLRQ�

VSHFLILFDWLRQ�� 7KH� ILUVW

ORDGLQJ� LV� D� ORQJLWXGLQDO

UDFNLQJ� ORDG�ZKLFK� LQGXFHV

SDUWLDO� �SLFWXUH�IUDPH�VKHDU�

7KH� VHFRQG� ORDGLQJ� LV� D

XQLIRUP�GLVWULEXWHG�SUHVVXUH

RI����3J�ZKLFK�FDXVHV�SDQHO

EHQGLQJ��3�LV�WKH�SD\ORDG�DQG

J� LV� JUDYLW\�� 7KH� WKLUG

ORDGLQJ� LV� D� XQLIRUP

GLVWULEXWHG� IORRU� ORDGLQJ� RI

�3J��ZKLFK�LQGXFHV�LQ�SODQH

VKHDU� VLPLODU� WR� WKDW� RI� D

VKRUW� EHDP�� ,Q� GHSWK

XQGHUVWDQGLQJ� RI� VLGHZDOO

UHVSRQVH� XSRQ� WKH� GLIIHUHQW

ORDGLQJV�ZLWK�GLIIHUHQW�SDQHO�FRQFHSWV�LV�HVVHQWLDO�IRU�RSWLPL]DWLRQ��$OO�WKUHH�ORDGLQJV�DUH�DQDO\]HG

ZLWK�)($�DV�SDUW�RI�WKH�DXWRPDWHG�VWUXFWXUDO�VL]LQJ�RSWLPL]DWLRQ�DQG�PDWHULDO�WDLORULQJ�SURFHVV��

7KH�,62�ORQJLWXGLQDO�UDFNLQJ�WHVW�ORDGLQJ�VKRZQ�LQ�)LJXUHV���DQG����LV�LQWHQGHG�WR�HQVXUH�WKDW

FRQWDLQHU� GHVLJQV� KDYH� HQRXJK� VKHDU� VWLIIQHVV� LQ� WKH� VLGHZDOO� WR� SUHYHQW� WKH� WRS� WUDQVODWLQJ

ORQJLWXGLQDOO\�PRUH� WKDQ� ��� IURP� WKH� ERWWRP�� ([WHUQDO� GLPHQVLRQDO� SUHFLVHQHVV� LV� UHTXLUHG� WR

JXDUDQWHH�WKDW�FRUQHU�ILWWLQJV�DUH��DQG�ZLOO�UHPDLQ��LQ�SURSHU�ORFDWLRQ�GXULQJ�KDQGOLQJ�DQG�ORDGLQJ�

+RZHYHU��WKLV�WHVW�DOVR�UHTXLUHV�WKDW�D�FKHFN�EH�GRQH�RI�WKH�PDWHULDO©V�VKHDU�VWUHQJWK�DQG�WKDW�WKH

SDQHO�GRHV�QRW�VKHDU�EXFNOH��6KHDU�EXFNOLQJ�)($�HLJHQDQDO\VHV�ZHUH�SHUIRUPHG���)LJXUHV����DQG����

��3DQHO�DQG�EHDP�VL]LQJ�RSWLPL]DWLRQ�)LJXUHV���DQG����VKRZ�WKH�OLQHDU�HODVWLF�UHVSRQVH�RI�WKH

VLGHZDOO�IRU�WKH�ORQJLWXGLQDO�UDFNLQJ�ORDGLQJ��)LJXUHV���DQG����ZHUH�JHQHUDWHG�WR�VWXG\�WKH�HIIHFWV

FDXVHG�E\�GLIIHUHQW�SDQHO�FRQFHSWV��7KH�DFFRUGLRQ�HIIHFW�RI�WKH�FRUUXJDWHG�VLGHZDOO�RI�VWDQGDUG�VWHHO

,62�FRQWDLQHUV�FDXVHV�WKHP�WR�EH�PRVWO\�GHWHUPLQDWH�DQG�SRVVLEOH�WR�FRPSXWH�E\�KDQG��+RZHYHU�

IODW� IDFHVKHHWV� GHVLJQV�� VXFK� DV� VDQGZLFK� DQG� KDW� VWLIIHQHG� SDQHOV� FDXVH� WKH� VLGHZDOO� WR� EH

LQGHWHUPLQDWH�DV�VHHQ�LQ�)LJXUH����)($�LV�UHTXLUHG�WR�SUHGLFW�WKLV�EHKDYLRU��0HPEUDQH�VWLIIQHVV�RI



X

Y

Z

18148.

6740.

16850.

73.77

72.81

71.85

70.89

69.93

68.98

68.02

67.06

66.1

65.14

64.18

63.22

62.26

61.3

60.35

59.39

58.43

V1

L1

C1

Output Set: MSC/NASTRAN Case 1

Deformed(0.00873): Total Translation

Contour: Plate XY Membrane Force

X

Y

Z

18148.

6740.

16850.

346.1

323.9

301.7

279.5

257.3

235.1

212.8

190.6

168.4

146.2

124.

101.8

79.59

57.38

35.17

12.96

-9.25

V1

L1

C1

Output Set: MSC/NASTRAN Case 1

Deformed(0.0435): T1 Translation

Contour: Plate XY Membrane Force
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)LJXUH����,Q�SODQH�VKHDU�IRUFH�GXH�WR�UDFNLQJ�RI�WKH�VLGH�ZDOO��,62�ORQJLWXGLQDO�ULJLGLW\�WHVW���

)ODW�IDFHVKHHW�SDQHO�ZLWK�YHU\�VWLII�FRUQHU�SRVWV�

)LJXUH����,Q�SODQH�VKHDU�IRUFH�GXH�WR�UDFNLQJ�RI�WKH�VLGHZDOO��,62�ORQJLWXGLQDO�ULJLGLW\�WHVW�

)ODW�IDFHVKHHW�VLGH�ZDOO�SDQHO�ZLWK�QRUPDO�FRUQHU�SRVWV��

IODW�IDFHVKHHW�SDQHO�FRQFHSWV�FDXVH�ORDG�FRQFHQWUDWLRQ�DW�WKH�FRUQHU�ILWWLQJV�ZKHUH�WKH�UDFNLQJ�ORDG

LV�DSSOLHG��7KLV�FRQFHQWUDWHG�IRUFH�FDQ�EH�HIIHFWLYHO\�KDQGOHG�E\�WDLORULQJ�WKH�FRPSRVLWH�PDWHULDO�

RU�UHGXFHG�E\�SURYLGLQJ�VWLIIHU�FRUQHU�SRVWV��)LJXUH���LV�D�GHVLJQ�ZLWK�DFWXDO�FRUQHU�SRVWV��)LJXUH���

LV�DQ�DQDO\VLV�GRQH�ZLWK�FRUQHU�SRVWV�WKDW�DUH�PXFK�VWLIIHU�WKDQ�WKH�FRUQHU�SRVWV�RI�)LJXUH����7KH

VWLIIHU�FRUQHU�SRVWV�UHGXFH�WKH�FRQFHQWUDWHG�IRUFHV��7KH�RSWLPXP�EDODQFH�EHWZHHQ�FRUQHU�SRVW�ULJLGLW\

DQG�SDQHO�W\SH��PDWHULDO��DQG�VL]H�DUH�GHWHUPLQHG�ZLWK�WKH�+\SHU6L]HU�SDQHOV�DQG�EHDP�RSWLPL]DWLRQ�
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��5HVXOWV��7KH�VLGHZDOO�VL]LQJ�DQG�PDWHULDO�RSWLPL]DWLRQ�FOHDUO\�VKRZV�WKDW�DQ�����OLJKWHU�GHVLJQ

LV�SRVVLEOH�IRU�WKH�VLGHZDOOV�ZKHQ�WKH\�DUH�PDGH�ZLWK�DQRWKHU�SDQHO�FRQFHSW�DQG�ZLWK�DQ�DGYDQFHG

FRPSRVLWH�PDWHULDO��7KH�QHZ�ZHLJKW�LV������YHUVXV�WKH�VDPH�VLGHZDOO�PDGH�ZLWK�VWHHO�DW������7DEOH

����7KLV�FRQVLGHUDEOH�ZHLJKW�VDYLQJV�LV�EDVHG�RQ�H[WHQVLYH�VWUHQJWK�DQG�VWDELOLW\�RSWLPL]DWLRQ��,Q�DQ

DXWRPDWHG�IDVKLRQ��+\SHU6L]HU�ZDV�DEOH�WR�LGHQWLI\�DQ�RSWLPXP�GHVLJQ�PDGH�IURP�D�VLJQLILFDQWO\

OHVV� FRVWO\� FRPSRVLWH�PDWHULDO�ZKLFK�ZHLJKHG������SHU� VLGHZDOO��7KH� OHVV� FRVWO\�PDWHULDO� DOVR

SURYLGHV�LQFUHDVHG�GDPDJH�WROHUDQFH���

�������7DEOH����+\SHU6L]HU�FRPSXWHG�ZHLJKW�VDYLQJV�

0DWHULDO� :HLJKW

2ULJLQDO��FRUUXJDWHG�VWHHO�GHVLJQ �����

&RPSRVLWH�ZLWK�(�JODVV�ILEHU �����

&RPSRVLWH�ZLWK�JUDSKLWH�FDUERQ�ILEHU �����

)LJXUH����JUDSKLFDOO\�VKRZV�WKH�VWUXFWXUDO�FRPSRQHQW�GHILQLWLRQ�RI�WKH�,62�FRQWDLQHU�VLGHZDOO�

7KHVH�FRPSRQHQWV�UHSUHVHQW�WKH�RSWLPL]DWLRQ�]RQHV�WKDW�+\SHU6L]HU�ZLOO�VL]H�LQ�WKH�DWWHPSW�WR

ILQG�WKH�HQWLUH�VLGHZDOO�ORZHVW�ZHLJKW��7KHVH�FRPSRQHQWV�DUH�UHJLRQV�ZKLFK�FDQ�EH�PDQXIDFWXUHG

WR�GLIIHUHQW�VL]HV�DQG�FRPSRVLWH�PDWHULDO�OD\XSV��

)LJXUH����LOOXVWUDWHV�WKH�PDUJLQ�RI�VDIHW\�IRU�HDFK�VWUXFWXUDO�FRPSRQHQW��$�QHJDWLYH�PDUJLQ

LQGLFDWHV�D�IDLOXUH�RI�WKH�VWUXFWXUH�DQG�LV�XQDFFHSWDEOH��)RU�LQVWDQFH�WKH�FRPSRQHQW�PD\�EXFNOH�

FULSSOH��RU�EH�RYHU�VWUHVVHG��$�ODUJH�SRVLWLYH�YDOXH�LV�DOVR�XQDFFHSWDEOH�EHFDXVH�LW�LQGLFDWHV�WKDW�LW

LV�WRR�FRQVHUYDWLYH�DQG�WKHUHIRUH�KHDY\��7KH�LGHDO�PDUJLQ�LV�MXVW�VOLJKWO\�SRVLWLYH��7KH�VLGHZDOO

PDUJLQV�RI�)LJXUH����JR�IURP�����WR�������ZLWK�DOO�FRPSRQHQWV�H[FHSW�RQH�ZLWK�PDUJLQV�OHVV�WKDQ

�����LQGLFDWLQJ�VWUXFWXUDO�HIILFLHQF\���

)LJXUH����GHSLFWV�WKH�VLGHZDOO�XQLW�ZHLJKW�GLVWULEXWLRQ��8QLW�ZHLJKW��OE�IW ��SORWV�DUH�XVHIXO�IRU�

GHWHUPLQLQJ�ZKHUH�RQ�D�VWUXFWXUH�ZHLJKW�LV�KLJK�DQG�ORZ��,Q�WKH�FDVH�RI�WKH�VLGHZDOO��WKH�XQLW

ZHLJKW�YDULHV�IURP������WR�������7KH�KHDYLHVW�DUHD�LV�ORFDWHG�DW�PLGVSDQ�FORVH�WR�WKH�FRQWDLQHU

HQGZDOOV��7KLV�LV�DQ�DUHD�RI�SDQHO�VKHDU�EXFNOLQJ�GXH�WR�IORRU�ORDGLQJ��7KH�QH[W�KHDYLHVW�DUHD�LV�DW

PLGVSDQ�RI�WKH�VLGHZDOO�FHQWHU��,Q�WKLV�DUHD�RI�WKH�FRQWDLQHU��WKH�GU\�FDUJR�EHDUV�DJDLQVW�WKH

VLGHZDOO�GXULQJ�VKLS�URFNLQJ�PRWLRQV��7KH�OLJKWHVW�DUHDV�DUH�DW�WKH�WRS�DQG�ERWWRP�RI�WKH�VLGHZDOO

FHQWHU�ZKHUH�QHLWKHU�VKHDU�EXFNOLQJ�QRU�SDQHO�EHQGLQJ�LV�D�GULYHU���



X

Y

Z

1.55

1.524

1.498

1.471

1.445

1.419

1.393

1.366

1.34

1.314

1.288

1.261

1.235

1.209

1.182

1.156

1.13

V1

L3

C1

Output Set: Table Output

Contour: UW

X

Y

Z

0.098

0.0919

0.0858

0.0796

0.0735

0.0674

0.0612

0.0551

0.049

0.0429

0.0368

0.0306

0.0245

0.0184

0.0122

0.00613

0.

V1

L3

C1

Output Set: Table Output

Criteria: SC MoS
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)LJXUH�����6WUXFWXUDO�FRPSRQHQWV��RSWLPL]DWLRQ�]RQHV��RI�WKH�,62

FRQWDLQHU�VLGHZDOO��

)LJXUH����8QLW�ZHLJKW�RI�WKH�RSWLPL]HG�,62�FRQWDLQHU�VLGHZDOO

)LJXUH����0DUJLQ�RI�VDIHW\�RI�HDFK�VWUXFWXUDO�FRPSRQHQW�RI�WKH�RSWLPL]HG�,62�VLGHZDOO�
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)LJXUH����/RZHVW�EXFNOLQJ�PRGH�IRU�D�FRUUXJDWHG�VWLIIHQHG�FRQWDLQHU�VLGHZDOO�XSRQ�UDFNLQJ

ORDG��7KH�GLDJRQDO�WHQVLRQ�ILHOGV�DUH�YLVLEOH�

)LJXUH����/RZHVW�EXFNOLQJ�PRGH�IRU�D�FRUUXJDWHG�VWLIIHQHG�FRQWDLQHU�VLGHZDOO�XSRQ

XQLIRUP�IORRU�ORDGLQJ��1RWH�WKDW�WKH�EXFNOHV�DUH�ORFDWHG�DW�WKH�VLGH�ZDOO�HQGV�ZKHUH

WKH�LQ�SODQH�VKHDU�IRUFH�LV�KLJKHU��

��9HULILFDWLRQ��$�GRPLQDQW�IDLOXUH�PRGH�RI�VKHOO�VWUXFWXUH�VXFK�DV�WKH�ODUJH�SDQHOV�RI�,62�PDULQH

FRQWDLQHUV�LV�EXFNOLQJ�LQVWDELOLW\��$FFXUDWH�DQDO\VLV�DQG�RSWLPL]DWLRQ�UHTXLUHV�WKH�DELOLW\�WR

DFFRXQW�IRU�WKHVH�SRVVLEOH�IDLOXUHV��7KH\�DUH�PRUH�GLIILFXOW�WR�TXDQWLI\�WKDQ�PDWHULDO�VWUHVV

DOORZDEOH�FKHFNV�RI�IXOO\�VWUHVVHG�GHVLJQV��6KHDU�EXFNOLQJ�LV�SDUWLFXODUO\�GLIILFXOW�WR�TXDQWLI\�E\

KDQG�PHWKRGV��$IWHU�WKH�PLQLPXP�ZHLJKW��VWUXFWXUDOO\�RSWLPL]HG�SDQHO�LV�GHWHUPLQHG�ZLWK�WKH

RSWLPL]DWLRQ�VRIWZDUH��D�YHULILFDWLRQ�RI�WKH�SDQHOV�VWUXFWXUDO�LQWHJULW\�ZDV�SHUIRUPHG�XVLQJ�WKH

06&�1$675$1�)($�HLJHQYDOXH�FDSDELOLWLHV��6KRZQ�LQ�)LJXUHV����DQG����DUH�WKH�EXFNOHG

PRGH�VKDSHV�RI�D�VWHHO�FRUUXJDWHG�SDQHO�FRQFHSW��7KHVH�DQDO\VHV�FRUUHODWHG�ZHOO�ZLWK�WKH�FORVHG

IRUP�PHWKRGV�LPSOHPHQWHG�LQ�WKH�+\SHU6L]HU�RSWLPL]DWLRQ�VRIWZDUH���

)ORRU�ORDGLQJ��LV�PRVWO\�GHWHUPLQDWH�IRU�W\SLFDO�VWHHO�FRUUXJDWHG�SDQHO�GHVLJQV��+RZHYHU��IRU�WKH

PRUH�HIILFLHQW�KDW�DQG�VDQGZLFK�SDQHOV��WKH�IORRU�ORDGLQJ�FRQGLWLRQ�FDXVHV�FRPSUHVVLRQ�LQ�WKH

IODW�SDQHO�IDFHVKHHW��7KLV�FRPSUHVVLRQ�FRXSOHV�ZLWK�WKH�VKHDU�WR�FDXVH�FRPSUHVVLRQ���VKHDU

EXFNOLQJ�LQWHUDFWLRQ��7KLV�FRPSOH[�UHVSRQVH�LV�DOVR�KDQGOHG�ZLWK�WKH�+\SHU6L]HU�VL]LQJ�DQG

PDWHULDO�RSWLPL]DWLRQ�PHWKRGV��
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6  Conclusions
$Q�HIIHFWLYH�FRXSOLQJ�RI�)($�ZLWK�H[SOLFLW�VL]LQJ�PHWKRGV�SURYLGHV�DFFXUDWH�DQG�HIILFLHQW�PHDQV
RI�RSWLPL]LQJ�GLYHUVH�PHWDOOLF�DQG�FRPSRVLWH�VWUXFWXUHV��+\SHU6L]HU��WKH�VRIWZDUH�SDFNDJH�WKDW�ZDV
GHYHORSHG�EDVHG�RQ�WKLV�FRXSOLQJ�PHWKRGRORJ\��LV�SUHVHQWHG�ZLWK�H[DPSOHV�RI�LWV�XVH�LQ�WZR����
DSSOLFDWLRQV��DHURVSDFH�DQG� WUDQVSRUWDWLRQ��+\SHU6L]HU�SXWV� WKH�GHVLJQ�RSWLPL]DWLRQ� WKHRU\� LQWR
SUDFWLFH�LQ�D�ZD\�WKDW�LV�SRZHUIXO��DFFXUDWH��FRVW�HIIHFWLYH��DQG�IDVW��,W�LV�FDSDEOH�RI�KDQGOLQJ�FRPSOH[
WKHUPRPHFKDQLFDO�VWUXFWXUDO�V\VWHPV�DV�HQFRXQWHUHG�LQ�WKH�DHURVSDFH�LQGXVWU\��DV�ZHOO�DV�EHLQJ�DEOH
WR�PHHW�WKH�QHHGV�RI�JHQHUDO�FRPPHUFLDO�SURGXFWV�ZKRVH�GHVLJQV�DUH�KLJKO\�FRVW�GULYHQ��+\SHU6L]HU
LV�VKRZQ�LQ�WKLV�SDSHU�WR�DFFXUDWHO\�DQG�HIILFLHQWO\�UHGXFH�WKH�ZHLJKW�RI�DQ�H[LVWLQJ�,62�VKLSSLQJ
FRQWDLQHU�VLGHZDOO�SDQHO�IURP�WKH�RULJLQDO�VWHHO�ZHLJKW�RI�����OE�WR�WKH�FRPSRVLWH�PDWHULDO�ZHLJKW
RI���������OE��,Q�DGGLWLRQ�WR�D�OLJKWHU�ZHLJKW�GHVLJQ��WKH�GHVLJQ�LV�OHVV�FRVWO\�LQ�WKH�ORQJ�WHUP�DQG
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